Introduction {#Sec1}
============

Immunotherapy has been recognized as a novel and attractive treatment for cancer patients by boosting host immune responses to kill tumor cells \[[@CR1]\]. In particular, approved immune checkpoint inhibitors (ICIs) have shown considerable and long-lasting clinical benefit in several tumor types, targeting the suppression of T cells in cancer patients \[[@CR2], [@CR3]\]. Clinical data has indicated that the overall response rate (ORR) to nivolumab in unresectable or metastatic melanoma patients was 31.7%, compared to an ORR of 10.6% in those treated with chemotherapy \[[@CR4]\]. However, a minority of patients (nearly 10%--30% response rates, depending on the type of cancer) respond to ICIs \[[@CR2], [@CR5]\]. Insufficient systemic T cell responses in the majority of patients \[[@CR6]\], failure of effector T cells to infiltrate into tumors or T cell exhaustion induced by the tumor microenvironment \[[@CR7]\] limit antitumor immune responses. It is crucial to explore novel approaches to enhance tumor-specific T cell responses and augment tumor-infiltrating lymphocytes (TILs) within the tumor microenvironment.

Nanomedicine has been extensively employed as a therapeutic in healthcare \[[@CR8]\]. Nanoscale particles, such as liposomes, polymer nanoparticles (NPs) and micelles, show advantages for drugs delivery. Drugs encapsulated in polymer nanoparticles or chemical nanostructures can exhibit improved bioavailability and pharmacokinetic properties (e.g., Abranxane or Doxil) \[[@CR9]\]. NPs also play an important role in the development of DNA- and RNA-based drugs. They have been used in the manufacture of Onpattro (patisiran, siRNA-containing lipid NPs for the treatment of transthyretin-related hereditary amyloidosis) \[[@CR10]\]. Proteins are another type of drug that can benefit from nanomedicine, such as the immunostimulatory agent interleukin-2, which can be nanoparticlized for cancer immunotherapy, with decreased systemic toxicity \[[@CR11]\]. NP contrast agents can be used for MRI and ultrasound. Superparamagnetic iron oxide nanoparticles are employed as MRI agents that improve contrast and favorable biodistribution \[[@CR12]\]. Some types of NPs can improve the mechanical properties and biocompatibility of biomaterials for medical implants and tissue engineering, such as nanomaterials exploited as dental fillers \[[@CR13]\]. Furthermore, the properties of coencapsulation and the enhanced permeability and retention (EPR) effect improve the function of nanomedicine in multiple therapies \[[@CR12]\].

In recent years, the application of nanomedicine in cancer immunotherapy has received much attention and holds tremendous promise. In particular, nanomaterial-based vaccines (nanovaccines) can target the lymph node system via subcutaneous injection, enhance antigen uptake and stimulate the tumor-specific T cell response. Moreover, based on the EPR effect, nanomedicine can enhance drug accumulation in tumors via intravenous injection and remodel the immunosuppressive tumor microenvironment to boost the antitumor immune response. In this review, we discuss mainly how nanoengineering technologies provide innovative approaches for cancer immunotherapy, especially focusing on lymph node-targeting nanovaccines, as well as tumor microenvironment-targeting drug delivery.

Lymph node-targeting nanovaccines {#Sec2}
=================================

Unlike traditional vaccines, which boost the body's immune system to prevent infections, cancer vaccines boost the immune system to attack existing cancer cells \[[@CR14]\]. Several anticancer vaccines have been processed in clinical trials, such as dendritic cell (DC) treatment for glioblastoma (NCT01808820), peptide vaccines for recurrent glioblastoma (NCT02754362) and whole-cell vaccines for breast cancer (NCT00317603), yet the limited ability to generate strong antitumor responses has hindered their wide application \[[@CR15]\]. Therapeutic cancer vaccines should induce targeted killing of tumor cells as well as long-lasting immune protection against tumor recurrence or metastasis. High levels of tumor-infiltrating T cells are associated with improved prognosis in many cancers, so it is expected that new-generation vaccines will induce effective Th1 and CD8^+^ CTL responses (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR3], [@CR16]--[@CR19]\]. Efficient delivery of antigens and adjuvants to antigen-presenting cells (APCs) in lymphoid organs (peripheral lymph nodes), cytosolic delivery and cross-presentation (complexation with MHC I) of tumor-associated antigens (TAAs), and activation of DCs by appropriate stimulators are desired.Fig. 1Schematic of nanovaccine for cancer immunotherapy.Nanovaccines can be loaded with both adjuvant and antigens on the surface (as depicted) or inside nanocarrier. Locally administered nanovaccines efficiently codeliver adjuvant and antigens to lymphoid organs for antigen presentation and induction of robust antitumor T-cell responses. Reprinted with permission from ref. \[[@CR19]\] (Copyright 2017, American Chemistry Society).

Lymph node-targeting effect {#Sec3}
---------------------------

The physical size of the vaccine formulation was found to play an important role in lymph node delivery \[[@CR14], [@CR20]\]. Molecules and particles injected in local tissues are cleared through the blood system if they are smaller than 5 nm. However, particles with hydrodynamic diameters of 10--100 nm can improve the efficiency of lymphatic uptake \[[@CR21]--[@CR23]\]. Reddy et al. exploited poly-(ethylene glycol)-stabilized poly-(propylene sulfide) (PPS) NPs to target lymph nodes, and the results demonstrated that 20 nm particles drained to the lymphatic system following interstitial injection; NPs between 20 and 45 nm in size displayed significant accumulation in lymph nodes, showing strong retention at 24, 72, 96, and 120 h post-injection \[[@CR24]\]. Moreover, particles larger than 170 nm displayed poor lymphatic uptake and strong retention at the injection site \[[@CR20]\]. Therefore, nanovaccine development has focused mainly on NPs smaller than 200 nm.

Antigen/adjuvant codelivery {#Sec4}
---------------------------

Compared to traditional vaccines, nanovaccines with controlled size and codelivery of antigen and adjuvant have shown promising effects. Lipid vesicles have attracted much attention for antigen delivery due to their low toxicity and immunogenicity, facile preparation process and reliable manufacturability at commercial scales \[[@CR25]\]. James et al. reported a novel design of lipid drug carriers, interbilayer-crosslinked multilamellar vesicles (ICMVs). The multilamellar vesicles stably encapsulate protein antigens in the core, and the immune stimulatory molecules are rapidly released from the vesicles under extracellular conditions. The results showed that these antigen/adjuvant codelivery vesicles could elicit antigen-specific T cells and antibody responses \[[@CR26]\]. Liu et al. developed a vaccine comprising lipid-modified antigenic peptides or CpG-DNA, which exploited albumin to transport lipids in vivo and target lymph nodes. The results showed that this nanovaccine produced a 30-fold increase in T cell priming and improved antitumor efficacy while apparently reducing systemic toxicity \[[@CR27]\]. Additionally, based on this design, Ma et al. designed amphiphile CAR-T ligands (amph ligands) that, once injected, trafficked to lymph nodes and modified the surfaces of APCs, thus priming CAR-Ts in the lymph node microenvironment. This design induced massive CAR-T expansion and subsequently enhanced antitumor efficacy in multiple mouse tumor models, with low side effects \[[@CR28]\].

Polymer-derived nanovaccines allow effective encapsulation and integrated function and are interesting candidates for vaccination purposes. Luo et al. reported that a minimalist nanovaccine, a simple physical mixture of antigens and synthetic polymeric NPs, PC7A NPs (20--50 nm), can efficiently deliver any tumor-related antigens to APCs in draining lymph nodes while simultaneously stimulating the type I interferon-STING innate immune pathway (Fig. [2](#Fig2){ref-type="fig"}). This nanovaccine induced significant immune responses to retard tumor growth in melanoma, colon cancer and human papilloma virus E6/E7 mouse tumor models \[[@CR29]\]. Mechanistically, the particle size and simple protein loading strategy facilitate antigen delivery to APCs in lymph nodes, the pH-specific proton sponge effect promotes antigen cross-presentation via membrane disruption, and STING pathway stimulation by this polymer leads to robust APC maturation and subsequent T cell activation. Moreover, Luo et al. demonstrated that nanovaccines combined with radiotherapy could induce a synergistic therapeutic effect in both primary and distal tumors in a STING-dependent manner \[[@CR30]\]. Qiao et al. used the flash nanocomplexation (FNC) approach to prepare nanovaccines, and they complexed chitosan and heparin with antigens and adjuvants by electronic affinity. This nanovaccine elicited potent Th1-biased immune responses and showed effective protection against lethal virus challenge \[[@CR31]\].Fig. 2A STING-activating minimalist nanovaccine (STAMINA) inhibits tumor growth and survival in tumor-bearing mice.**a** Schematic of STAMINA to boost tumor-specific T cell immunity. In the HPV tumor model, tumor growth inhibition (**b**) and survival data (**c**) in C57BL/6 mice showed strong antitumor immunity after tumor inoculation with TC-1 tumor cells. Reprinted with permission from ref. \[[@CR3]\] (Copyright 2017, with permission from Elsevier).

Antigens derived from apoptotic or cancerous cells undergo membrane dynamic curvature and lateral diffusion. This process increases the contact area and multiple interactions of antigens with APCs, which could enhance antigen internalization and cross-presentation \[[@CR32], [@CR33]\]. Here, Xia et al. developed a novel Pickering emulsion that is particle stabilized and retains properties of force-dependent deformability and lateral mobility of presented antigens. Hence, this emulsion could improve the recruitment of APCs and enhance antigen uptake and APC activation. The results showed that this vaccine could effectively activate both humoral and cellular responses, further protecting mice from infections and diseases \[[@CR34]\].

Biomimetic mimicking delivery {#Sec5}
-----------------------------

Biomimetic particles represent a promising formulation for the development of safe nanomedicines. Compared to synthetic particles, biomimetic NPs can target tumors or immune cells with prolonged circulating time and low toxicity \[[@CR35]--[@CR37]\].

High-density lipoprotein nanodisks (\~10 nm) are endogenous NPs that transport fats and cholesterol in blood, so they have been clinically tested for drug delivery and show high tolerance \[[@CR38]\]. Rui et al. conjugated antigens/adjuvant (Cho-CpG) on these nanodisks, which markedly enhanced the antigen-specific T cell response. The nanovaccine could eliminate MC-38 and B16F10 tumors when synergized with anti-PD-1 and anti-CTLA-4 therapy \[[@CR39]\].

Cell-membrane coating technology is an emerging platform for drug delivery \[[@CR36]\]. Cell membrane-coated NPs possess intrinsic properties of source cells, such as a remarkable capacity to contact their surrounding environment due to their biomimetic interface. Compared to traditional nanoparticles, they displayed outstanding characteristics of long circulation and disease-relevant targeting. Since many tumor-related antigens exist on the tumor cell membrane \[[@CR17], [@CR40]\], Ashley et al. developed tumor cell membrane-coated NPs containing a highly immunostimulatory adjuvant. The results showed that this nanovaccine could generate a durable anticancer response in vivo and have synergistic effects with checkpoint blockade inhibitors to retard cancer growth \[[@CR41]\].

mRNA vaccine {#Sec6}
------------

In recent years, messenger RNA (mRNA)-based vaccines have been developed as an alternative prophylactic or therapeutic vaccine technology against infectious diseases or cancers \[[@CR42]\]. Compared to traditional DNA vaccines, mRNA vaccines have a safety advantage, as they have very little interaction with the genome. Compared to subunit protein or peptide vaccines, mRNA vaccines are able to deliver multiple antigens in one protein-encoding open reading frame, offering great flexibility and convenience for application and production \[[@CR43]\]. Two challenges limit the clinical translation of mRNA vaccines: (1) insufficient cytosolic delivery and (2) rapid degradation with low expression levels. Nanotechnology provides a unique strategy for mRNA delivery \[[@CR44], [@CR45]\].

Miao et al. designed a library of ionizable lipid-like materials to screen for mRNA delivery vehicles. They identified a lipid vesicle that not only showed high delivery and expression levels but also stimulated the STING innate immune pathway. This formulation could elicit a robust immune response, resulting in inhibition of tumor growth and prolonged survival in melanoma and human papillomavirus E7 tumor models \[[@CR46]\].

The cytotoxic T cell response plays an important role in antitumor immune responses. Oberli et al. developed lipid-based NPs for the delivery of mRNA vaccines to elicit strong cytotoxic CD8^+^ T cell responses. The vaccine consisted of ionizable lipids, which are positively charged at low pH and form complexes with negatively charged mRNA. This formulation helps with cellular uptake and cross-presentation of expressed antigens. The results showed that mRNA vaccines led to tumor shrinkage and prolonged the survival of mice (Fig. [3](#Fig3){ref-type="fig"}) \[[@CR47]\].Fig. 3mRNA LNPs coding for tumor self-antigens, gp100 and TRP2, slow down tumor growth and extend overall survival.**a** Tumor areas were measured with a caliper lengths × width. **b** All three treated groups survived significantly longer the either the untreated control group or mice treated irrelevant mRNA. Reprinted with permission from ref. \[[@CR47]\] (Copyright 2017, American Chemistry Society).

Personalized vaccine design {#Sec7}
---------------------------

TAAs are unmutated self-antigens that are highly expressed in tumor tissues but are also expressed in some normal tissues \[[@CR16]\]. Two obstacles, central tolerance (low immunogenicity) and aberrant autoimmunity, limit their efficacy and application in cancer therapeutic vaccines \[[@CR48], [@CR49]\]. Recently, the emergence of next-generation sequencing and innovative bioinformatics tools has enabled the discovery of tumor neoantigens. Tumor neoantigens are immunogenic tumor-specific mutations that do not exist in normal tissues \[[@CR16], [@CR50]\]. Personalized vaccines are generated based on neoantigens for the wide variety of tumor mutations in different cancers and persons, which have shown great potential in the clinic.

Patrick et al. incorporated 20 predicted cancer neoantigens present in every person into one formulated vaccine; in a clinical trial, vaccine-induced polyfunctional CD4^+^ and CD8^+^ T cells targeted 58 (60%) and 15 (16%) of the 97 neoantigens utilized across patients \[[@CR51]\].

Glioblastoma (GBM) is the most common and aggressive primary brain tumor \[[@CR52]\], which is not sensitive to cancer immunotherapy, especially checkpoint inhibitors. The limited intratumoral infiltration of immune cells and low mutation load (low immunogenicity) lead to a dilemma \[[@CR53]--[@CR55]\]. Norbert et al. reported a clinical program named the Glioma Actively Personalized Vaccine Consortium (GAPVAC) that tested a personalized vaccine in a phase I trial \[[@CR56]\]. This vaccine included both unmutated TAAs and neoantigens. The results showed that unmutated APVAC1 antigens activated a sustained central memory CD8^+^ T cell response and that APVAC2 elicited predominantly CD4^+^ T helper 1-type T cell responses against the predicted neoepitopes \[[@CR56]\].

Lena et al. reported a vaccine design based on an RNA-lipoplex (RNA-LPX)-based delivery system. By systemically adjusting the net charge of lipid carriers, this vaccine could precisely and efficiently target DCs in vivo via intravenous administration. The results indicated that RNA-LPX-encoded tumor neoantigens or that TAA could elicit potent effector and memory T cell responses as well as retard the progression of tumors in an IFN-alpha-dependent manner \[[@CR57]\].

Min et al. designed a novel antigen-capturing nanoparticle (AC-NP) based on PLAG. This NP could capture tumor antigens, especially neoantigens, via surface properties after intratumor injection. It could enhance the uptake of tumor-specific antigens by APCs and promote an antitumor immune response in both injected tumors and distal tumors in melanoma and breast tumor models \[[@CR58]\].

In conclusion, nanovaccines are a promising avenue to elicit the T cell response and inhibit tumor progression. Although great progress has been achieved in nanovaccine design, enormous challenges remain. Facile and stable manufacturing processes, as well as effective clinical translation, are desired.

Tumor microenvironment-targeting nanomedicine {#Sec8}
=============================================

The tumor microenvironment is a complex cellular environment that is composed of various cells and affects tumor progression \[[@CR59]\]. Tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) and T regulatory cells (Tregs) are significant components of the immunosuppressive tumor microenvironment (TME) \[[@CR6], [@CR60]\]. TAMs display an antiinflammatory M2-like phenotype to support tumor growth and suppress CD8^+^ T cell recruitment to the tumor microenvironment \[[@CR61], [@CR62]\]. MDSCs play a key role in fighting T cell activation and the polarization of M1 macrophages, as well as inhibiting the cytotoxicity of NK cells \[[@CR63], [@CR64]\]. In addition, regulatory T cells (Tregs) are a subset of CD4^+^ T cells that regulate immune tolerance through various mechanisms \[[@CR65]\].

Biophysicochemical differences between tumor and normal tissues, including vascular abnormalities, hypoxia, acidic pH and alternative metabolic status, also contribute to the immunosuppressive environment in tumors \[[@CR66], [@CR67]\]. Malignant cells undergo metabolic changes that lead to increased production of lactate, nitric oxide, reactive oxygen species and other byproducts of arachidonic acid metabolism that influence the inflammatory tumor microenvironment \[[@CR68]\]. These changes lead to functional programming in TAMs, including the production of cytokines and angiogenetic factors, and result in tumor progression and metastasis. Consumption of the energy sources (e.g., glucose) can support tumor growth, and the glucose metabolism product lactate is an important immunosuppressive metabolite in the tumor microenvironment and a driving factor for TAM-2 polarization \[[@CR69]\]. In addition, the hypoxia and low pH of the tumor microenvironment can hinder antitumor immune responses of tumor-infiltrating T cells by limiting nutrient and energy consumption \[[@CR70]\].

Many clinical analyses have indicated that cancer immunotherapy is limited mainly by the immunosuppressive tumor microenvironment \[[@CR6]\]. Thus, targeting the tumor microenvironment can help address these obstacles (Fig. [4](#Fig4){ref-type="fig"}) \[[@CR71]\].Fig. 4Schematic of imitation of current cancer immunotherapy, which can be overcome by nanoengineering-based strategies for reprogramming the immunosuppressive TME.Reprinted with permission from ref. \[[@CR71]\] (Copyright 2019, John Wiley and Sons).

EPR effect {#Sec9}
----------

NP drugs can accumulate in tumors for EPR effects, which was first described by Matsumura and Maeda in 1986 \[[@CR72]\]. EPR depends on specific pathophysiological traits of tumors. In healthy tissues, small molecules easily leak from the blood vessels, yet NPs cannot due to their size difference. In tumor sites, abnormally broad fenestrations in blood vessels permit extravasation of particles with sizes up to several hundred nanometers \[[@CR73]\]. With the absence of lymphatic drainage, NPs show a relatively effective and selective accumulation in tumor tissue, which is 10--200 times higher than that in normal tissues or organs \[[@CR74]\]. For example, compared with free doxorubicin, doxorubicin with a liposomal formulation achieves at least a 60-fold increase in tumors under a concentration-time curve (AUC) \[[@CR75]\]. Therefore, nanotechnology shows potential in cancer therapy via EPR-based tumor targeting \[[@CR76]\].

Targeting immunosuppressive cells {#Sec10}
---------------------------------

TAMs displaying an antiinflammatory M2-like phenotype as well as a proinflammatory M1-like phenotype play a key role in tumor progression, influencing proliferation, metastasis and recurrence \[[@CR77]\]. Chen et al. designed an in situ-formed bioresponsive immunotherapeutic nanogel that was preloaded with an anti-CD47 antibody in fibrin gel calcium carbonate (CaCO~3~) NPs. The fibrin gel NPs could release anti-CD47 antibodies in acidic tumor surgical wounds, resulting in TAMs polarized to the M1-like proinflammatory phenotype. Activated phagocytes can present antigens and induce a T cell response against tumor recurrence and metastasis \[[@CR78]\].

Wang et al. developed mannose-decorated lactoferrin nanoparticles (Man-LF NPs) and codelivery with the drugs Shikonin and JQ1. Shikonin is isolated from Chinese herbs and shows potential anticancer activity. JQ1 can reduce PD-L1 expression on tumor cells. This formulation managed to target mannose receptor-expressing tumor cells and repolarize TAMs, resulting in remodeling of the TME \[[@CR79]\].

Regulatory T cells (Tregs) also contribute to the TME and induce tumor escape \[[@CR80]\]. Ou et al. reported tLyp 1 peptide-modified hybrid NPs to deliver a drug, IMT, into Tregs in tumors. The peptide tLyp 1 could specifically recognize Neuropilin-1 (Nrp1) proteins on Tregs. Combination with anti-CTLA-4 antibodies could modulate the immunosuppressive environment and boost antitumor T cell responses \[[@CR81]\].

MDSCs are heterogeneous cells from the myeloid cell lineage that are strongly expanded in cancer and chronic inflammation sites \[[@CR82]\]. Yu et al. developed a MDSC membrane-coated iron oxide nanoparticle (MNP\@MDSC) to achieve active tumor targeting. The results showed that the formulation could induce PTT-induced immunogenic cell death, reverse macrophage polarization, and reduce tumor metabolic activity.

Targeting the metabolism of the TME {#Sec11}
-----------------------------------

Hypoxia and acidity of the tumor microenvironment are associated with tumor metabolism and can strongly inhibit the antitumor immune response by reducing the cytotoxic activity of CTLs and NK cells \[[@CR83], [@CR84]\].

Yang et al. reported a pH-responsive nanoplatform that could control the release of the photodynamic agent chlorine e6 (Ce6) and doxorubicin (DOX). This drug formulation could relieve the hypoxic TME by inducing the decomposition of endogenous H~2~O~2~ inside the tumor and remarkably enhance a series of antitumor immune responses.

Tumor cells overexpressing LDHA convert glucose into lactate, display accelerated glycolysis, and cause tumor acidity \[[@CR85]\]. Zhang et al. exploited a cationic lipid-assisted NP loaded with LDHA siRNA to knockdown the LDHA gene. By interfering with tumor acidification, this NP decreased the number of immunosuppressive cells, increased the infiltration of CD8^+^ T cells, and restored antitumor functions \[[@CR86]\].

Combination with photothermal therapy to the remodel TME {#Sec12}
--------------------------------------------------------

Deep penetration of nanomedicine into tumors remains challenging due to the pathophysiological barrier of solid tumors, so physical intervention may help to overcome this barrier \[[@CR87]\]. Feng et al. developed a light-inducible nanocargo (LINC) combined with chemotherapy for immunotherapy. Upon fluorescence activation, the first wave of NIR laser irradiation generated reactive oxygen species (ROS), induced the cleavage of the polyethylene glycol (PEG) coating, and further enhanced tumor retention and deep penetration of the LINC. After exposure to NIR wave laser eradication, the LINC successfully elicited an immune response against tumors (Fig. [5](#Fig5){ref-type="fig"}) \[[@CR88]\].Fig. 5Schematic illustration of NIR light-inducible LINC (Light-inducible nanocargo) for self-amplified drug delivery and combination immunotherapy.**a** Fabrication of the light-inducible prodrug nanocargoes LINC. **b** Schematic illustration of LINC for improved drug delivery and chemoimmunotherapy by eliciting tumor immunogenicity and overcoming immunosuppressive tumor microenvironment. Reprinted with permission from ref. \[[@CR88]\] (Copyright 2019, John Wiley and Sons).

Insufficient infiltration of cytotoxic T lymphocytes (CTLs) in the tumor microenvironment is critical for cancer immunological tolerance \[[@CR89]\]. Wang et al. reported an engineered MMP-2-sensitive nanocomplex loaded with anti-PD-L1 antibodies and the photosensitizer indocyanine green. The NPs could precisely target the tumor site, and near-infrared (NIR) laser irradiation triggered the activation of the photosensitizer and released the anti-PD-L1 antibodies. The results showed that the NPs could increase the frequency of tumor-infiltrating CTLs and promote the effectiveness of PD-L1 blockade therapy \[[@CR90]\].

Combination with photodynamic therapy (PDT) to remodel the TME {#Sec13}
--------------------------------------------------------------

Nanomaterial-based PDT also shows some advantages in antitumor immunotherapy \[[@CR91]\]. Meng et al. developed a light-triggered in situ gelation system composed of photosensitizer-modified catalase and poly-(ethylene glycol) double acrylate (PEGDA). Furthermore, adjuvant NPs were introduced into the gelation system. The results showed that local injection of the mixed precursor solution into tumors and subsequent light exposure could trigger robust antitumor immune responses. Accordingly, such a local light-elicited gelation system could effectively trigger antitumor responses via synergistic photoimmunotherapy \[[@CR92]\].

Combination with radiation to remodel the TME {#Sec14}
---------------------------------------------

Radiotherapy has been broadly applied in clinical cancer treatment; however, the therapeutic effect is limited by tumor hypoxia-associated radiation resistance \[[@CR91]\]. Nanomedicine can improve radiotherapy and promote antitumor immune responses. Chen et al. utilized a PLGA-based core-shell nanomaterial to coencapsulate water-soluble catalase (Cat), an enzyme that transforms H~2~O~2~ into O~2~, and a hydrophobic TLR-7 agonist (R837). The PLGA-R837\@Cat NPs could increase radiotherapy efficacy by relieving tumor hypoxia and remodeling the immunosuppressive tumor microenvironment by the Toll-like receptor. Furthermore, the formulation showed a great abscopal effect and long-term immune memory combined with CTLA-4 checkpoint blockade \[[@CR93]\].

Combination with chemotherapy {#Sec15}
-----------------------------

Chemotherapy is extensively used in the clinic. Some chemotherapeutics (e.g., oxaliplatin, OXA) can induce an antitumor immune response via immunogenic cell death (ICD), but the subsequent immune response is suppressed by immunosuppressive mechanisms (e.g., IDO upregulation for OXA) \[[@CR94]\]. Huang et al. reported cationic lipid-assisted nanoparticles (CLANs) loaded with IDO1 siRNA. Coadministration of OXA and CLAN~siIDO1~ to tumor-bearing mice systemically activated the immune response, improved the frequency of tumor-infiltrating T lymphocytes and decreased the frequency of Tregs in a colorectal tumor model \[[@CR95]\].

In summary, the unique characteristics of the tumor microenvironment have been recognized as a considerable target for precise and effective nanomedicine design. Moreover, depending on the regulation of tumor-associated immune cells, the tumor metabolism microenvironment and combination with conventional therapies (especially localized therapeutics), nanomedicine offers a promising platform to remodel the tumor microenvironment, relieving the immunosuppression and evoking antitumor immune responses to destroy cancer cells (Fig. [6](#Fig6){ref-type="fig"}) \[[@CR91]\].Fig. 6Local biomaterials-assisted for cancer immunotherapy.(**i**) radiotherapy activate the immune system, (**ii**) phototherapy activate the immune system, (**iii**) chemotherapy activate the immune system, which in combination with immune checkpoint blockade inhibitors could trigger systemic antitumor immunological responses.

Perspective {#Sec16}
===========

High-efficiency cancer immunotherapy is still challenging due to low response rates, immune evasion or immune resistance. Nanoengineered technology plays a crucial role in overcoming these challenges.

Cancer vaccines have shown feasible therapeutic effects in some preliminary clinical trials. GAPVAC-101, a formulation with lipids, poly(I:C) and antigens, displayed safety and immunogenicity in a phase I trial \[[@CR96]\]. However, further efforts are required to decrease the antigen-screening process. Polymer-based nanomedicines also show potential in cancer immunotherapy, such as PLGA copolymers, which can encapsulate antigens and extend circulation half-life \[[@CR97], [@CR98]\], as well as improve T cell responses. However, many synthetic or modified materials need be approved through new drug certification; complicated chemistry and multiple components in one formulation may be challenging for clinical translation and CMC (chemistry, manufacturing, and controls). There is a growing demand for researchers to engineer simple nanomedicines and improve the rate of clinical translation.

Small molecules (e.g., inhibitors or agonists), monoclonal antibodies and nanomedicine have shown remarkable potential in cancer immunotherapy \[[@CR99]\]. Compared to small molecules, nanomedicine displays potential advantages, such as (1) prolonged circulation half-life \[[@CR98]\]; (2) enhanced tumor accumulation; and (3) controlled release and multiple function orchestration by unique design. EPR-based NP delivery also showed potential auxiliary therapeutic effects with surgery, chemotherapy and radiotherapy \[[@CR98]\]. However, it has been reported that only 0.7% (median) of the administered NPs were delivered to solid tumors in patients \[[@CR100]\]. Inefficient targeting of NPs in the clinic limits the wide application of nanomedicine. Nanomaterials could also be applied to tumor diagnosis and other types of disease treatment to increase their application field. Additional research will be needed to simplify nanomedicine and improve targeting efficiency, which would lead to more exciting medical breakthroughs.
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